Abstract -Uranium-series data for groundwater samples from the Nopal I uranium ore deposit were obtained to place constraints on radionuclide transport and hydrologic processes for a nuclear waste repository located in fractured, unsaturated volcanic tuff. Decreasing uranium concentrations for wells drilled in 2003 are consistent with a simple physical mixing model that indicates that groundwater velocities are low (~10 m/y). Uranium isotopic constraints, well productivities, and radon systematics also suggest limited groundwater mixing and slow flow in the saturated zone. Uranium isotopic systematics for seepage water collected in the mine adit show a spatial dependence which is consistent with longer water-rock interaction times and 2 higher uranium dissolution inputs at the front adit where the deposit is located. 
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higher uranium dissolution inputs at the front adit where the deposit is located. Uranium-series disequilibria measurements for mostly unsaturated zone samples indicate that 230 Th/ 238 U activity ratios range from 0.005-0.48 and 226 Ra/ 238 U activity ratios range from 0.006-113. 239 Pu/ 238 U mass ratios for the saturated zone are <2 × 10 -14 , and Pu mobility in the saturated zone is >1000 times lower than the U mobility. Saturated zone mobility decreases in the order 238 U~2 26 Ra >
Introduction
Geological barriers are an important possible mechanism for isolation of radioactive contaminants from the biosphere. One measure of the effectiveness of such barriers is determination of retardation factors, i.e. the transport rate of contaminants relative to groundwater. Uranium-series techniques are an important method for determining in-situ retardation factors in groundwater (e.g. [1] [2] [3] . In a geochemical system that is closed for greater than five daughter half-lives, the activity of each U-series daughter will be equivalent to its parent nuclide. This is true for rocks that have been closed systems for approximately one million years. However, as U-series nuclides are dissolved in groundwater during water-rock interaction, chemical fractionations may occur between different elements which result in disequilibria among U-series nuclides. For long-lived U-series daughters where decay in groundwater is negligible, the magnitude of U-series disequilibria is proportional to the relative mobility of each U-series nuclide in groundwater. As an approximation, the extent of U-series disequilibria is also inversely related to relative retardation factors. Hence, measurement of long-lived daughters such as 234 U, 230 Th, 226 Ra, and 239 Pu can be used to directly determine their relative mobility or retardation in groundwater.
We have applied these techniques to study groundwater flow and radionuclide transport near the Nopal I uranium deposit located in the Peña Blanca region, Chihuahua, Mexico (Fig. 1 ). This area, approximately 50 km north of Chihuahua City, was a major target of uranium exploration and mining by the Mexican government in the 1970's. More recently, this deposit has been extensively studied as an analog for evaluating the fate of spent fuel, associated actinides, and fission products at a geologic repository in fractured, unsaturated volcanic tuff. Briefly, the 4 deposit represents an environment similar to the proposed U.S. Yucca Mountain high-level radioactive waste repository in the following ways, 1) climatologically, both are located in semiarid to arid regions, 2) structurally, both are parts of a basin-and-range horst structure composed of Tertiary rhyolitic tuffs overlying carbonate rocks, 3) hydrologically, both are located in a chemically oxidizing environment within an unsaturated zone, 200 m or more above the water Pu disequilibrium, are used to constrain recent radionuclide transport and groundwater hydrologic processes at this location. This provides a unique opportunity to follow transport of U-series nuclides in three dimensions from a welldefined source term, namely the ore body. Our study may add to the conceptual understanding of similar processes at the proposed Yucca Mountain repository or other waste disposal sites in semi-arid, unsaturated zone settings.
Samples and Methods
Saturated zone (SZ) waters were collected from 6 wells near the Nopal I uranium deposit, and seepage waters from the unsaturated zone (UZ) were obtained from an adit at the Nopal I mine Fig. 2) , initially a drip collection system consisting of plastic sheeting and later a rigid plastic grid that was designed to funnel water into plastic bottles. Water samples for U-series analyses were filtered (0.20 µm or 0.45 µm filters) after collection and acidified to a pH of 1-2 with high purity nitric acid for long-term storage. Samples from the PB1 and PB4 wells collected specifically for colloid analysis were stored in coolers immediately after collection and refrigerated until analysis. These samples were ultrafiltered in the laboratory using separate sterile ultrafiltration stirred cells (Millipore, USA), equipped with both 300 kDa (kilodalton) membrane filters and 20-nm in-line syringe filters. U concentrations of unfiltered and filtered splits were measured to determine how much of the U is associated with colloids. Radium was purified using cation exchange columns for the major element separation, EDTAcation columns for Ra-Ba separation, and a final cation exchange column to rid the samples of EDTA. Radium was loaded onto Pt filaments using a silica gel enhancer and analyzed dynamically on a NBS 12-90 sector mass spectrometer equipped with a SEM ion counting detection system (8).
Thorium was purified using an HCl anion column for Th-U separation and a nitric acid anion column for major element separation (7). Thorium was analyzed using the Isoprobe-P MC- Table S3 .
Uranium constraints on groundwater flow in the saturated zone
In 2003, three groundwater wells were drilled directly adjacent to (PB1) and ~50 m on either side of the Nopal I uranium deposit (PB2 and PB3). After drilling, U concentrations were elevated in all three wells (0.1-18 mg U/kg) due to drilling activities. pH values were as high as 11.3 from detergents in the drilling fluids, and interaction of these high pH fluids with surrounding rock led to the high U concentrations. pH decreased in a matter of a few months (by July 2003) to more typical groundwater values (pH=7-9). Well productivity and SZ permeability obtained from pump tests (9) decreases in the order PB3>PB1>PB2, and this correlates with initial U concentrations. This suggests that wells with higher permeability had greater waterrock interaction. PB1 and PB2 wells were characterized by very low productivities and permeabilities (9) . As shown in physical model that places order of magnitude constraints on groundwater flow velocity. We use a one-dimensional tank model, where the tank consists of the SZ well volume that is continuously flushed with groundwater (11) . We assume that uranium is introduced as a slug to each of the wells and transported as a conservative tracer by groundwater flow. Hence, U concentration is a simple function of groundwater flow velocity or specific discharge. Since background U in groundwater is negligibly small compared to the U defined by the initial slug, we obtain the following relations derived for this study:
where q is the groundwater specific discharge, V is the saturated zone well volume (163-208 L), h is the casing perforation height (9.15-12.20 m), C 1 is the U concentration at time t 1 and C 2 that at t 2 , and r is the well casing internal radius (4.825 cm). The model is only approximate, and additional factors are often included to account for flow distortion or skin effects from drilling, which can modify flow through the borehole relative to the surrounding formation (e.g. 11). and/or rock-water interaction times. Finally, the middle adit appears to be a mixture of these two endmembers. There may also be a seasonal dependence, with samples collected in the wet monsoon season (July-December) tending to have higher 234 U/ 238 U and greater recoil signature than those collected in the January-June dry season (14) . Here we discuss the stronger spatial dependence only.
Consideration
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These results can be evaluated using a model simulating a non-steady state situation for uranium isotope transport in groundwater, which provides constraints on in-situ radioisotope migration in dissolved and colloidal phases in terms of retardation factor and water-rock interaction time (2, 14) . For uranium, the model is based on the fact that water passing through the UZ has its U concentration and 234 U/ 238 U ratio modified by U dissolution from rocks and α-recoil input of 234 U from rock surfaces. The model predicts that intermittent UZ flushing gives rise to waters having a linear relationship between 1/[U] and 234 U/ 238 U (Fig. 5) .
The isotope mixing relations seen in Fig. 5 appear scattered, and a linear model can only approximate the results. Similar range and scatter for the U isotopic systematics of UZ water near Yucca Mtn., Nevada was observed by (15) . Scatter in both of these studies may be due to imperfect or insufficient sampling of the full range of natural conditions. However, the intercept and slope of the linear approximation reveals consistent results in terms of uranium dissolution inputs and/or water-rock interaction times. Samples from the front and middle adit correspond to low intercept (near secular equilibrium), reflecting increased U dissolution inputs toward the front adit, where the ore deposit is located. Their generally high U concentration and slope reflect longer rock-water interaction times. High intercept, low slope, and generally lower U concentration for samples from the back adit suggest that these samples have experienced decreased U dissolution inputs and variable but generally shorter water-rock interaction times.
More detailed modeling of these results is presented in (14) . Our preliminary results suggest that uranium dissolution inputs for the back adit for fractures with water-rock interaction times of ~0.5 days are ~1 ppb dissolved U/day. It may also be possible to determine dissolution fluxes for a wide range of elements in the UZ in the back adit, where complicating effects of evaporation and mineral precipitation on seepage water elemental abundance are relatively minor. Although we are aware of no other field measurements of this type, the U dissolution rate above can be compared to laboratory experiments which indicate rapid initial dissolution (~200-4000 ppb dissolved U/day) of soluble uranyl phases present in the suspended sediment of the Upper Puerco River, New Mexico (16). Our estimate is 2-3 orders of magnitude lower, presumably due to differences in water/rock ratio and uranium characteristics of solid phases.
13 (20) ) provides constraints on the relative mobility of Pu and U in the SZ. These results indicate that Pu mobility in the SZ at Peña Blanca is at least 3 orders of magnitude lower than the U mobility.
Uranium-series constraints on radionuclide mobility
Hence, R f ( 239 Pu)/R f ( 238 U) is calculated to be >1000.
By combining long-lived nuclide data from this study with short-lived nuclide data (12), we estimate that R f ( 238 U) varies from ~30 to 7200, with an average value of 1300 (Table S4 ; Fig. 6 ).
Estimates of R f ( 238 U) are obtained from equations 5 and 9 in (2) near 0.01, indicating that for these samples R f ( 238 U)>100, since R f ( 226 Ra) must be > 1.
Ranges of retardation factors for the SZ are ~10 to 10,000 for 238 U and 226 Ra, ~1000 to 10,000,000 for 230 Th, and >34,000 for 239 Pu. However, using the average value of 1300 for R f ( 238 U) in the SZ, the retardation factor for 239 Pu in the SZ is likely to be >1,000,000. Based on the data in Table S4 and Fig. 6 
-3).
Our results on U-series nuclide mobility at Peña Blanca can be compared to sorption data for Yucca Mountain tuff obtained from laboratory experiments (22) . In general, K d values for U =2-20 mL/g, for Ra and Th = 100-10,000 mL/g, and for Pu = 10-10,000 mL/g. Based on the porosity and bulk density of the Yucca Mountain tuffs, retardation factors are a factor of ~10 larger than the K d values. Results presented here are consistent with some of these trends, but not all of them. Most notably, Yucca Mountain sorption data indicate that Ra should be retarded much more strongly than U. Since Ra mobility in the SZ at Peña Blanca is typical of groundwater in general, the major difference in the data sets for the SZ appears to be related to U mobility. Namely, U mobility appears to be a factor of 10-100 higher in the sorption data set relative to in-situ U-series measurements performed at Peña Blanca and other sites (2).
In order to define the uranium colloidal contribution, two SZ samples (PB1 and PB4) have been ultrafiltered in the laboratory. Uranium concentration measurements (Table S3) indicate that ~93-97% of uranium present is truly dissolved. Similar 234 U/ 238 U for unfiltered, filtered (<200-nm), and ultrafiltered (<20-nm) aliquots also support this conclusion. These results are similar to 16 prior studies for other uranium deposits such as Koongarra (23), which indicate ~3% of uranium occurs as colloids. These results also agree with results for groundwater from the Nevada Test
Site (24) . However, the small fraction of colloidal uranium could have environmental implications in some cases, as it can migrate in subsurface media much faster and can travel distances much larger than dissolved uranium (e.g. 25) . This may be due to the presence of small quantities of highly mobile colloids in the colloid population (26) .
To summarize, our U-series results provide initial field data on uranium dissolution inputs (~1 ppb dissolved U/day) in the UZ. At Peña Blanca, our U concentration data suggest that SZ groundwater flow rates are slow (~10 m/y Brief -Groundwater uranium-series measurements near an ore deposit constrain hydrologic and radionuclide transport rates in a similar setting to the proposed U.S. high-level nuclear waste repository.
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